Human cytomegalovirus (HCMV) encodes several proteins that inhibit major histocompatibility complex (MHC) class I-dependent antigen presentation. The HCMV products US2 and US11 are each sufficient for causing the dislocation of human and murine MHC class I heavy chains from the lumen of the endoplasmic reticulum to the cytosol, where the heavy chains are readily degraded. The apparent redundancy of US2 and US11 has been probed predominantly in cultured cell lines, where differences in their specificities were shown for murine and human MHC class I locus products. Here, we expressed US11 and US2 via adenovirus vectors and show that US11 exhibits a superior ability to degrade MHC class I molecules in primary human dendritic cells. MHC class II complexes are unaffected by US2-and US11-mediated attack. We suggest that multiple HCMV-encoded immunoevasions have evolved complementary functions in response to diverse host cell types and tissues.
The CD8
ϩ T-cell response plays a key role in containing viral infections. Induction of a T-cell response requires the display of virus-derived peptides by host major histocompatibility complex (MHC) class I molecules. The ability to interfere with antigen presentation has been documented for a number of viruses, including human cytomegalovirus (HCMV) (21) . HCMV evades detection by the immune system by a variety of functions encoded by the genomic US and UL regions. Two of these gene products, US2 and US11, target class I heavy chains (HCs) for dislocation from the endoplasmic reticulum (ER) to the cytosol (23, 24) . The HCs are then deglycosylated by Nglycanase and subsequently degraded by the proteasome. US2 and US11 are both ER-resident membrane glycoproteins, and they are expressed concomitantly during HCMV infection. Their general modes of action appear to be similar, but in mouse cells they differ in their abilities to attack allelic class I HC products (15) . Perhaps in the human system, US2 and US11 also differ in specificity of interaction with class I molecules. Indeed, locus-specific preferences have been described: US2 and US11 mediate degradation of HLA-A and -B locus products but not HLA-C and -G locus products (18) . Data obtained for a soluble, recombinant fragment of US2 likewise suggest differences in interaction with HLA-A and HLA-B locus products (9) . Interestingly, a possible interaction between US2 and MHC class II products that results in downregulation of DM-␣ and DR-␣ has also been reported (20) , although these observations were made with cells that do not normally express MHC class II molecules.
In vivo, HCMV infection can enhance MHC class I expression on bystander cells by induction and release of beta interferon. Therefore, a second possibility is that cooperation of US2 and US11 is necessary in vivo in secondary rounds of infection to overcome the increased MHC class I expression in newly infected cells (14) .
In principle, multiple cell types can present antigen. HCMV can establish latency in hematopoietic progenitor cells and macrophages, while infection of dendritic cells (DCs) varies according to DC differentiation stage and HCMV strain studied (10, 13, 17, 19, 26) . The importance of DCs for the initiation of antiviral T-cell responses results not only from their unique ability to capture antigen (2) but also from their susceptibility to virus infection itself.
To probe the efficiency and specificity of US2 and US11 in primary cells, we chose human DCs of myeloid origin. DCs express not only MHC class I HCs but also MHC class II proteins, whose expression is limited to professional antigenpresenting cells (APCs). A mature class II molecule is composed of an ␣␤ heterodimer and an antigenic peptide (25) . Loading of a peptide in the ER is precluded by the association of the ␣␤ dimer with the invariant chain Ii. The ␣␤Ii complex is then transported to the trans-Golgi network and to lysosome-like compartments, where peptide is loaded in a reaction facilitated by HLA-DM. Interference with the class II antigenpresenting pathway could provide a selective advantage for HCMV. Upon phagocytosis or receptor-mediated endocytosis of virus particles or remnants of infected cells, virus-derived antigens intersect the class II secretory route. APCs would then display their virus-peptide cargo and activate CD4 ϩ T cells.
Here we observed downregulation of class I molecules in human DCs. We demonstrate that US2 and US11 differ in their capacity to degrade class I HCs, with US11 being more effective. We could not confirm downregulation or degradation of MHC class II molecules in adenovirus US2-transduced DCs.
MATERIALS AND METHODS
Generation of human DCs. DCs were prepared from peripheral blood mononuclear cells as previously described (22) . Briefly, these cells were incubated (37°C and 5% CO 2 ) in six-well plates at 2 ϫ 10 6 cells/2 ml per well in RPMI 1640 supplemented with 4 mM glutamine (Gibco BRL, Karlsruhe, Germany), 5 ϫ 10 Ϫ5 M ␤-mercaptoethanol (Gibco BRL) containing 10% heat-inactivated fetal calf serum (FCS) (Biochrom, Berlin, Germany), and 100 U of penicillin-streptomycin per ml for 3 h. Nonadherent cells were gently washed out, and the remaining plastic-adherent cells were further cultured in medium containing 100 ng of granulocyte-macrophage colony-stimulating factor (Sandoz, Basel, Switzerland) per ml and 1,000 U of interleukin 4 (Schering-Plough, Kenilworth, N.J.) per ml. Cells were fed every other day with 1 ml of RPMI 1640 medium containing the same amounts of granulocyte-macrophage colony-stimulating factor and interleukin 4. On day 7, nonadherent immature cells were rinsed off the plates and transferred to fresh six-well plates in the same medium. This fraction is further referred to as DCs.
Cell lines. U373-MG astrocytoma cells were cultured in Dulbecco's modified Eagle medium supplemented with 10% FCS, penicillin (1/1,000 dilution; 100 U/ml), streptomycin (100 g/ml), and 2 mM glutamine at 37°C in humidified air with 5% CO 2 .
Antibodies. Rabbit anti-class I HC serum recognizes nonassembled or unfolded HCs (23, 24) . Rabbit anti-US2 serum and polyclonal anti-US11 serum were raised as described previously (23, 24) . The HLA class II-specific monoclonal antibodies (MAbs) TÜ35 (anti-DR and -DP), TÜ169 (anti-DQ), TÜ39 (anti-DR, -DP, and -DQ), TÜ36 (anti-DR), TÜ34 (anti-DR), and TÜ22 (anti-DQ) have been described before (27) (generously provided by Andreas Ziegler, Institute of Immunogenetics, Universitätsklinikum Charite, Berlin, Germany). MAb TAL.1B5 was obtained from Dako (Hamburg, Germany) (11) . The Ii chain-specific MAb LN2 was obtained from Pharmingen (San Diego, Calif.).
Generation of adenovirus vectors and transduction of DCs and cell lines. Recombinant adenovirus (Ad) vectors encoding US11, US2, green fluorescent protein (GFP), and ␤-galactosidase (LacZ) all contain deletions in the E1 and E3 regions and are based on serotype 5. Briefly, a US11-encoding expression cassette containing a CMV immediate-early promoter and a bovine growth hormone polyadenylation signal was blunt-end ligated into the shuttle vector pHVAd2 (obtained from Peter Löser, Devellogen AG, Berlin, Germany). Homologous recombination with the viral backbone vector pHVAd1 was performed with Escherichia coli strain BJ5183. A US2-encoding expression cassette under the same transcriptional control and polyadenylation site as US11 was subcloned into the shuttle vector pQBI-AdCMV5 (Qbiogene, Heidelberg, Germany). Homologous recombination was performed in HEK-293A cells. Ad-5CMV␤-GAL (Ad-LacZ), Ad-GFP, Ad-US2, and Ad-US11 were propagated on 293A cells and purified twice on cesium chloride gradients. Titrations were done as described elsewhere (5) . Transduction of DCs and U373-MG cells was performed in 2% FCS Dulbecco's modified Eagle medium for 3 h or 90 min, respectively.
Flow-cytometric analysis. For immunophenotyping of DCs at day 7 of culture, cells were stained with phycoerythrin-conjugated MAbs specific for HLA class I, HLA-DR, CD80, CD83, CD86, CD19, CD3, CD14, CD4, CD8, CD1a, and CD11c (Pharmingen). According to these criteria and according to light-microscopic evaluation, 70 to 85% of the cells were DCs. Analysis of HLA class I (YTH862; Biozol, Eching, Germany) and HLA class II (TÜ36; Pharmingen) expression after adenovirus transduction was done after a 40-h infection period on a FACScan cytometer (Becton Dickinson, Mountain View, Calif.). MAb YTH862 recognizes a monomorphic epitope on the ␣1 domain, shared by all HLA-A, -B, and -C antigens (8) .
Pulse-chase experiments, immunoprecipitation, and gel electrophoresis. Cells were incubated with methionine-and cysteine-free RPMI with or without the proteasome inhibitor ZL 3 H (25 M) or ZL 3 VS (50 M) for 1 h at 37°C. Cells were labeled by incubation with 500 Ci of [
35 S]methionine-cysteine per 1 ml at 37°C for various times and chased with methionine and cysteine to final concentrations of 1.5 and 0.5 mM at 37°C for various periods. Cell lysis, immunoprecipitation, and endoglycosidase H (EndoH) digestion were done essentially as described elsewhere (23, 24) . Reimmunoprecipitations for class II ␣ chains were performed after denaturing of samples with 1% sodium dodecyl sulfate (SDS)-phosphate-buffered saline and boiling. SDS was diluted with NP-40 containing lysis buffer before immunoprecipitation. All samples were boiled and analyzed by SDS-12.5% polyacrylamide gel electrophoresis (PAGE) under reducing conditions.
Immunoblotting. Cell lysates were resolved by SDS-12.5% PAGE and blotted to nitrocellulose. The blots were incubated with the first antibodies (see figure legends), followed by horseradish peroxidase-coupled goat anti-rabbit immunoglobulin (Southern Biotechnology, Birmingham, Ala.) antibody. Bound antibody was visualized by chemiluminescence (ECL kit; Amersham-Pharmacia, Braunschweig, Germany).
In vitro transcription and translation. In vitro transcription was performed essentially as described previously (12) . cDNA constructs encoding HLA-A2 HC, ␤ 2 microglobulin (␤ 2 m), US2, and HLA-DR ␣ and ␤ chains were transcribed with either SP6 or T7 polymerase (Promega). In vitro translations in rabbit reticulocyte lysates and dog pancreas microsomes were essentially as described previously (12) . Translations were performed for 1.5 to 2 h at 30°C and terminated by sedimentation of microsomes and lysis in 1% digitonin in 25 mM HEPES-150 mM potassium acetate, pH 7.7.
RESULTS
Adenoviral expression of US2 and US11 induces class I HC degradation in astrocytoma cells. Most studies on the action of the immunomodulatory HCMV-encoded genes US2 and US11 have been performed on established human cell lines. The effects of isolated HCMV gene products on primary cells are not well understood. We therefore examined the ability of US2 and US11 to downregulate class I molecules in human DCs cultured from peripheral blood as described previously (22) .
To drive expression of US2 and US11, we used recombinant adenoviruses. Among APCs infected by HCMV, human DCs in particular have been successfully transduced with adenovirus vectors, with efficiencies exceeding 90% at high multiplicities of infection (MOI) (6, 7) .
Recombinant adenovirus vectors encoding US2 and US11 were generated by homologous recombination and tested for their capacity to downregulate HLA class I in human U373-MG cells. The astrocytoma cell line U373-MG was chosen because it was employed previously (23, 24) to elucidate the mechanisms of US2-and US11-mediated MHC class I degradation. Furthermore, U373-MG cells are susceptible to adenovirus infection. These cells were infected with Ad-US11 or Ad-US2 at an MOI of 50 for 40 h. Transduced cells were then metabolically labeled in a pulse-chase experiment, and lysates of these cells were immunoprecipitated with rabbit anti-HC, -US2, or -US11 (Fig. 1) and analyzed by SDS-PAGE. The rabbit anti-HC antiserum recovered a deglycosylated intermediate after 10 and 40 min of chase only in the presence of the proteasome inhibitor ZL 3 VS, whereas in the absence of the inhibitor, fully glycosylated HCs rapidly disappeared. Both observations are indicative of a cytosolic disposition of the HC, prior to proteasomal degradation (23), as described for astrocytoma cells. US11 and US2 were both capable of degrading the human MHC class I HC, confirmed by flow-cytometric analysis of Ad-US2-and Ad-US11-transduced U373-MG cells (data not shown).
US11 efficiently targets MHC class I HCs for destruction in DCs. HCMV-encoded US2 and US11 are each sufficient for causing the premature destruction of class I HCs. The apparent redundancy of US2 and US11 remains to be explained in terms of a selective advantage for HCMV in the course of a natural infection.
After establishing full reactivity of recombinantly expressed US2 and US11 in U373-MG astrocytoma cells, we compared the effects of US2 and US11 in human DCs. Human DCs were infected with Ad-US2 or Ad-US11 at the same MOI ( Fig. 2A) . Cells were metabolically labeled in a pulse-chase experiment in the presence of ZL 3 (Fig. 2B) at the same MOI. At steady state, expression levels of US11 were higher in both cell populations, yet US11 exhibited significantly stronger HC dislocation activity in DCs. This difference in US2 and US11 expression is best explained by the difference in the half-lives of US2 and US11. Whereas US11 is relatively long lived (half-life of Ͼ2 h) (data not shown), US2 itself is more rapidly degraded. Although the US2 and US11 quantification in both DCs and U373-MG cells is only semiquantitative, the ratios of US2 and US11 in U373-MG cells and DCs are similar. Therefore, the differences in degradation efficiency between cell populations cannot be accounted for by different expression levels of US2 and US11. Even after infection of native human fetal fibroblasts with HCMV strain Ad169 we observed strong expression of US11 and only marginal expression of US2, as measured by immunoblotting (data not shown). Nevertheless, deletion mutants of HCMV strain Ad169 have proven that US2 alone is fully competent to cause rapid class I degradation (14) . Analysis by immunostaining and flow cytometry was largely confirmatory of the results obtained in immunoprecipitation and pulse-chase experiments (Fig. 3) . Even at an MOI of 1,200, Ad-US2 infection in DCs led to only modest downregulation of HLA class I antigens. In contrast, Ad-US11 at an MOI between 300 and 500 induced a 80% (Ϯ15%) reduction of HLA class I expression. Double infection with Ad-US2 and Ad-US11 had no additive effect and did not exceed the immunomodulatory capacity of US11 infection alone. We can largely exclude the idea that the differential effects of US2 and US11 in human DCs are due to differential recognition of HLA class I alleles, since the antibody employed, YTH862, recognizes a monomorphic epitope on the ␣1 domain, shared by all HLA-A, -B, and -C antigens. Furthermore, we obtained identical results with a second HLA class I-specific monomorphic reagent, G46-2.6 (Pharmingen), not known to have allelic preferences (data not shown).
Given the rather similar rates of synthesis for US2 and US11, it appears that in human DCs US11 is more efficient at dislocating class I molecules than US2.
MHC class II molecules are unaffected by US2 mediated degradation. US2 has been claimed to cause degradation of two components of the MHC class II antigen presentation pathway, DR-␣ and DM-␣. (20) . This observation was further examined in human DCs. DCs express MHC class II antigens in abundance and provide a natural host for HCMV infection and persistence.
DCs were transduced with either Ad-US2 or Ad-LacZ, and infected cells were metabolically labeled in a pulse-chase experiment (Fig. 4A ). Lysates were immunoprecipitated with the anti-DR antibody TÜ36, and the precipitates were subjected to EndoH treatment. TÜ36 recognizes fully assembled DR complexes only; therefore, free ␣ chains and their degradation products might escape detection (see below). In DCs, we observed stable expression of properly conformed class II complexes with no evidence for deglycosylated intermediates.
In a separate pulse-chase experiment, DCs were left uninfected or transduced with Ad-US2 at an MOI of 500 (Fig. 4B) . To further evaluate the fate of free DR-␣ chains, immunoprecipitations were first performed with MAb TAL.1B5, a reagent capable of interacting with free DR-␣ chains as well as with assembled DR products. After dissociation of the ␣␤Ii complex by SDS denaturation, ␣ chains were reimmunoprecipitated with the same antibody. In contrast to the result for MHC class I HCs, we could not detect deglycosylated DR-␣ chain intermediates. Flow-cytometric analysis of DCs infected with Ad-US2, Ad-LacZ, Ad-GFP, or uninfected DCs confirmed the data obtained in pulse-chase analysis and immunoprecipitation (Fig. 3) and showed no alteration in surface class II levels. A panel of nine MHC class II locus-specific MAbs was tested in immunoprecipitation and pulse-chase analysis to exclude the possibility that other MHC class II-derived chains or invariant chain were subject to US2-mediated dislocation (data shown for TÜ36, TÜ35, and TAL.1B5; see also Table 1 ). We conclude that the products of the DR-␣ and ␤ loci, DP and DQ complexes, were resistant to rapid degradation in primary human DCs.
In vitro cotranslation of US2, ␤ 2 m, and HLA-A2 HCs resulted in coprecipitation of the complex under conditions of mild-detergent solubilization, indicating a physical and functional association of these three components upon the dislocation process (Fig. 4C) . In contrast, a specific coprecipitation of HLA-DR-␣ chain and US2 was not observed. Translation conditions have been optimized. Under such conditions US2 binds to MHC class I HCs but not to class II ␣ or ␤ chains.
This observation argues against a specific association of US2 and DR-␣, which is a prerequisite for dislocation.
DISCUSSION
The results presented here are of interest for several aspects of HCMV biology. HCMV targets CD34 ϩ stem cells, endothelial cells, glial cells, and monocytes/macrophages but also DCs, which are key APCs in host defense (2, 10, 13, 17, 19, 26) . Therefore, the ability to block class I and class II antigen presentation pathways would be beneficial for the virus to escape both a CD8
ϩ and a CD4 ϩ T-cell response. US2 has been claimed to cause degradation of two components of the class II antigen presentation pathway, DR-␣ and DM-␣. (20) . This result was surprising in view of the limited sequence homology between class I HC and DR-␣. However, overall structural similarities (25) might allow an association of US2 with both class I and class II molecules. We were nonetheless unable to confirm an effect of US2 on the stability of class II molecules in primary human DCs. How is this discrepancy explained?
The study by Tomazin et al. (20) An alternative explanation for the observed discrepancy between our results and those reported by Tomazin et al. would be to invoke a cell type-specific effect on degradation and dislocation of class II molecules. It is conceivable that the dislocation apparatus in astrocytoma cells is competent to engage a US2-class II ␣ complex, whereas in DCs this is not the case. Regardless, it appears to be important to examine other cell types that naturally express class II molecules for the consequences of US2 expression as we have done for primary human DCs.
Consistent with the possibility that US2 and US11 may have been preserved by HCMV to carry out their functions with different efficiencies in distinct cell types, we found that US2 and US11 are not equally active in DCs. Over the chase period examined, US11 degraded class I HC at about 50% efficiency, whereas US2 led only to a moderate accumulation of deglycosylated HC intermediates. Differences in levels of expression of US2 and US11 are unlikely to account for this effect. Likewise, the moderate efficiency of US2 in DCs, compared to its effect in U373-MG cells, might also influence the rate of class II degradation in DCs. Notwithstanding the need for a detailed analysis for cell type-specific factors that affect dislocation, we conclude that the physiological relevance of our test system points to complementary effects of several immunomodulatory HCMV gene products in vivo, among them US2 and US11 and by inference US3 and US6 (1) .
In addition to these considerations, there are structural reasons why the class II ␣ chains are less appealing substrates than class I HCs. The class II ␤ chains are in fact more similar structurally to class I HC than are class II ␣ chains (3) .
Multiple viral immunoevasions may have evolved not only to cover the sequence variability between different MHC class I alleles but also as an evolutionary consequence of diverse host cell types and tissues as HCMV-susceptible targets. Our analysis provides a starting point for a more systematic delineation of isolated HCMV immunoevasions in vivo. ϩ, also single ␣ chain
a Nine MAbs specific for HLA class II molecules were tested in immunoprecipitation (Fig. 4) for downregulation of class II complexes or single ␣, ␤, and Ii chains. Their allospecificities comprise DR, DP, and DQ locus products as well as invariant chain. Essentially no degradation products or loss of class II complexes was observed in the presence of US2. 
